H I G H L I G H T • Protection of EDU on plants against ozone (O 3 ) is not known when water is limited. • Effects of EDU on Populus cathayana
were tested at two soil water contents.
• EDU efficiently protects P. cathayana from O 3 when soil water is moderate drought.
• P. cathayana could be used as a biomarker in O 3 risk assessment on plant health.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
Tropospheric ozone (O 3 ) is an important photochemical secondary pollutant and a significant greenhouse gas (The Royal Society, 2008) . O 3 concentrations are increasing in East Asia and will continue to rise if current levels of anthropogenic activities are continued and more nitrogen oxides and volatile organic compounds are produced (Yamaji et al., 2008) . In China, O 3 concentration is rising at a higher rate than in other countries because O 3 precursors (mainly NO 2 ) have steadily increased at annual growth rate of 5% caused by its fast industrialization and urbanization . At Changping site, downwind of Beijing city, the AOT40 (accumulated hourly O 3 concentration over a threshold of 40 ppb during daytime) from June to August was 29 ppm h in 2014 (Yuan et al., 2015) . More than 28 species and cultivars in the open field showed the typical O 3 symptoms around Beijing (Feng et al., 2014) . Elevated O 3 can negatively affect trees by inducing visible foliar injury and premature senescence and by decreasing the contents of photosynthetic pigments, photosynthesis rate, and biomass accumulation (Wittig et al., 2009; Hoshika et al., 2013; Carriero et al., 2015) .
Ethylenediurea(N-[2-(2-oxo-1-imidazolidinyl)ethyl]-N-phenyl urea), abbreviated as EDU, has been shown to be specific in protecting plants against O 3 injury (Carnahan et al., 1978; Manning et al., 2003 Manning et al., , 2011 Feng et al., 2010) . EDU can reduce O 3 injury, inhibit premature senescence, and maintain photosynthetic pigments in plants (Feng et al., 2010; Manning et al., 2011) . Use of EDU as an alternative approach to evaluate the effects of O 3 is an inexpensive and convenient method in ambient environment (Manning et al., 2011) . So far, EDU has been used extensively to assess O 3 impacts on crops, grasses, and trees in experiments where soil moisture was not limiting (Feng et al., 2010; Agathokleous et al., 2015) .
Besides O 3 , plants are often subjected to drought in North China during summer. Recent evidence indicates that drought is one of the most costly natural hazards in North China due to the increasing water scarcity . Numerous studies showed that drought has many negative effects on plant growth, photosynthesis, biomass accumulation, and ecosystem carbon cycling (Liu et al., 2011; Zhou et al., 2013 Zhou et al., , 2015 . Moreover, drought in summer often coincides with high O 3 concentrations (Reiner et al., 1996) .
From existing studies, possible interactions between O 3 and drought have been determined to be antagonistic, additive, or synergistic (Pearson and Mansfield, 1994; Wieser and Havranek, 1995; Pääkkönen et al., 1998; Pollastrini et al., 2014; Tingey and Hogsett, 1985) . Drought usually induces the closure of stomata, thus reducing the stomatal O 3 flux into the apoplast, whereas EDU is retained in the apoplast only (Pasqualini et al., 2016) . Therefore, it is important to investigate if EDU protects plants from O 3 under drought. Poplars are important trees widely grown in most parts of China for timber purposes. It has been shown that most hybrid poplar species are sensitive to O 3 with respect to visible leaf injury (Ryan et al., 2009; Hoshika et al., 2013) , damaged photosystems (CO 2 assimilation and chlorophyll fluorescence) (Novak et al., 2005) , and reduced growth (Bortier et al., 2000; Hoshika et al., 2013) . As the representative deciduous tree species in Northern China, Populus trees are facing the risk of O 3 damage due to high ground-level O 3 pollution in China Yuan et al., 2015) .
In this study, Populus cathayana was selected because it is a native species distributed in the North China (Weisgerber and Han, 2000) and has been confirmed to be sensitive to O 3 with typical O 3 symptoms and significantly lower photosynthesis and biomass at AOT40 of 20 ppm.h in previous studies (Gao F. unpublished results). We propose that EDU protects the P. cathayana from ambient O 3 at well-watered condition, but does not protect under drought stress due to reduced stomatal O 3 flux. Therefore, the objectives of our study were to determine (1) if EDU could protect P. cathayana from the cumulative negative effects of ambient O 3 in Beijing on biomass accumulation and ecophysiology, and (2) whether the protection of EDU was altered by moderate soil drought.
Materials and methods
Experimental site
The experiment was conducted under ambient conditions in Changping (40°19′N, 116°13′E) in 2015, northwest of Beijing in a warm temperate and semi-humid continental climate. The annual mean temperature in Changping is 11.8°C and the total annual precipitation is 550 mm.
Experimental design
Cuttings of P. cathayana were provided by the Chinese Academy of Forestry Sciences and were cultivated in a small pot (1.35 L) filled with vermiculite and matrix (1:1) in a greenhouse of Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Rooted cuttings were transplanted into 20 L circular plastic pots, filled with local sandy loam soil on June 9, 2015. The soil was excavated from farmland at 0-10 cm depth, sifted, and then mixed for the homogeneity. Pots were arranged in five rows, with 8 plants in each row. The space among pots were about 50 cm. Plants with similar height and stem diameter were selected for this study and pre-adapted to the ambient conditions. All plants were manually irrigated up to maximum soil field capacity (36.8%, volume content of soil) with tap water at 1-2 days interval to avoid drought before the drought treatment.
EDU was applied as sprays to leaves and stems of P. cathayana at 0 ppm (control E0), 300 ppm (E300), 450 ppm (E450), and 600 ppm (E600). Before treatments, the average height and stem diameter of the plants were 34.8 cm and 4.2 mm, respectively, without significant difference among treatments (P = 0.95). The control was sprayed with water. EDU solutions were freshly prepared each time, dissolving 100% EDU in warm water (Manning et al., 2011) . EDU application started at 19 days after planting (DAP) in pots, when the number of leaves is more than 10, and then applied as a foliar spray five times at biweekly intervals until final harvest, considering the new leaves formation and EDU degradation with time (Manning et al., 2011) . Before EDU application, no O 3 symptoms were found on all plant leaves. All plants were experienced two different water regimes by means of manual irrigation: well-watered (WW) and moderate drought (MD) plants. WW treatment was provided sufficient water up to soil field capacity during the entire experiment. For MD treatment, plants received 50-60% of soil water contents relative to WW throughout the experiment. During the experiment, the soil water content was monitored by means of Hydro Sense portable soil moisture meter (HS II, USA). The average soil water contents of WW and MD during experiment were 29% and 18%. The pots of both WW and MD plants were protected from rain with a plastic cover during rainy time.
There were eight combinations of EDU and water treatments, i.e. WE0, WE300, WE450, WE600, DE0, DE300, DE450, and DE600. For any combination, there were 5 plants for replications. Hourly averaged O 3 concentrations were obtained through the logging interval of 30 min with a Thermo-Electron Model 49i analyzer (Model 49i, Thermo Scientific, USA) during 9 June to 21 September. The hourly averages were used to calculate AOT40 value for O 3 exposure.
Parameter measurements 2.3.1. Photosynthetic parameters
Gas exchange and chlorophyll a fluorescence parameters were measured with a portable photosynthetic system fitted with a 6400-40 leaf chamber fluorometer (LI-6400XT, LICOR Corp., USA) in all plants on September 7. During the measurements, photosynthetic active radiation (PAR) was set at 1200 μmol m −2 s − 1 , CO 2 levels at 400 ppm, block temperature at 30°C, and relative humility (RH) between 45% and 55%. Measurements were carried out between 9:00 and 12:00 h in sunny day on fully expanded leaves at upper layers of plants. The following parameters were measured: light-saturated rate of CO 2 assimilation (A sat ), stomatal conductance (g s ), transpiration rate (T r ), actual photochemical efficiency of PSII in the saturated light (F v ′/F m ′), quenching of photochemical efficiency of PSII (qP) and actual photochemical efficiency of PSII in the light (PhiPSII). Water use efficiency (WUE) was expressed as the ratio of A sat and T r . At 92 DAP, the automatic program in the LI-6400 photosynthesis system was used to perform the photosynthesis and intercellular CO 2 (A/Ci) curves. Measurements were taken by changing CO 2 levels in leaf chamber fluorometer in 11 steps (380, 300, 200, 100, 50, 400, 600, 800, 1000, 1200, 1500 ppm) under the same PAR, T, and RH conditions with A sat measurements.
The maximum rates of Rubisco carboxylation (V cmax ) and the maximum electron transport rates (J max ) were subsequently calculated according to the methods described by Sharkey et al. (2007) .
Leaf pigment, antioxidant, and malondialdehyde (MDA) contents
Leaf samples for pigment, antioxidant, and MDA contents were collected from fully expanded leaves at upper layers on the same day for photosynthesis measurements. The sampled leaves discs for pigment were extracted with 2 ml 95% ethanol solution in the dark for about 72 h at 4°C until totally fading. The extract was then assayed for chlorophyll (Chl) and carotenoid (Car) contents by using the specific absorption coefficients of Lichtenthaler (1987) . Samples from two leaves of all plants were punched, frozen immediately in liquid N, and stored at −80°C until analysis. MDA content, which is related with the level of lipid peroxidation in the leaves, was analyzed according to the method of Heath and Packer (1968) . Ascorbic acid was determined following to Gillespie and Ainsworth (2007) . Total antioxidant capacity (TAC) was conducted following the method of Benzie and Strain (1996) .
Relative growth rates and biomass
From 20 June to 21 September, plant heights and stem diameters were measured once per month. Relative growth rate (RGR) was Fig. 2 . Effects of EDU and water (moderate drought (MD) and well-watered (WW)) treatments on light-saturated rate of CO 2 assimilation (A sat ), stomatal conductance (g s ), transpiration rate (T r ), and water use efficiency (WUE) of P. cathayana in ambient O 3 concentration. Different letters indicate significant differences between EDU and water. calculated as:
where H 1 /H 2 and D 1 /D 2 were the plant heights and stem diameters, respectively, measured at beginning and end, and t 1 and t 2 were the time points at which the data were measured (Bortier et al., 2000) . All plants were harvested at 105 DAP when the leaves began to senescence. Shoot and root dry biomass were also determined after drying the different parts of the plants at 80°C until constant weight. Root/ shoot ratio was calculated by the dry weight of the shoot and root. All harvested leaves per plant were grounded and used to analyze for nitrogen (N) using an elemental analyzer (Vario EL, Elementar, Germany).
Statistical analysis
The data for each dependent variable were subjected to the two-way analysis of variance with mixed linear model to test the effects of EDU, water, and their interactions using JMP software (SAS Institute, USA). Tukey's HSD test was applied to identify significant differences between water or among EDU treatments. A difference between the means was considered significant if P b 0.05. Data shown in figures were means ± SD (n = 4 or 5).
Results
Ozone exposure
During the experimental period (June 9 to September 21), the average ambient O 3 concentration was 71.7 ppb (between 9:00 and 17:00) and ranged between 18.0 and 173.1 ppb. Peak 1 h values at June, July, August, and September were 117.5, 134.9, 104, and 173.1 ppb, respectively. For the 105 days of the experiment, AOT40 reached 29.2 ppm h at end of the experiment as shown in Fig. 1. 
Photosynthesis and pigments
O 3 -induced injury was not quantified in this study. Almost all non-EDU plants showed the typical O 3 symptoms, but only a few leaves in some EDU-treated plants. From Fig. 2A , both water and EDU had significant effects on A sat , but the interactive effect was not significant (P = 0.503). EDU significantly increased A sat by 32.8% and 48.7% for E300 and E450, respectively. However, MD significantly decreased A sat by 12.9% compared with WW plants. g s had the similar trends with A sat . T r was not significantly affected by EDU treatments (Fig. 2C) . But MD significantly reduced T r , e.g. DE0 was lower than WE0 by 26.8%. EDU significantly increased WUE (P b 0.001), and MD had an increasing trend although it was not significant (Fig. 2D) . The highest WUE was found in the DE300, which was 35.3% higher than WE0.
EDU and MD significantly affected chlorophyll a fluorescence parameters (F v ′/F m ′ and PhiPSII) while there was no significant interaction (Fig. 3) . F v ′/F m ′ was declined slightly (4.7%) under MD and increased significantly (17.3 and 18.6%) in DE300 and DE450 relative to DE0 (Fig. 3A) . The PhiPSII of MD plants was 11.3% lower than WW plants across EDU treatments. PhiPSII was 23.1% higher in E450 than E0 (Fig. 3B ) across water treatments. EDU had no effect on qP (P = 0.182), but drought significantly decreased qP (7.0%) (Fig. 3C) .
Changes in V cmax by EDU or MD were consistent with those in J max . From Fig. 4 , V cmax and J max were significantly increased in WE450 plants (V cmax by 22.8% and J max by 30.1%) relative to WE0. MD significantly decreased V cmax and J max by 20.4% and 34.3%, respectively. Although EDU and MD significantly affected V cmax and J max , there was no significant interaction.
EDU and MD significantly changed chlorophyll and carotenoid contents (Fig. 5 ). Significant interaction of EDU and water on Chl a was found (P = 0.009). With the increase of EDU concentration, Chl a showed an increasing trend until 450 ppm and then a decrease at 600 ppm. DE450 was significantly 19.9% lower than WE450 in Chl a, but no significant drought effects were found in other EDU concentrations (Fig. 5A) . Chl b had the same response trend to EDU or drought with Chl a (Fig. 5B) . Chl b was increased by 35.2% in E450 relative to E0 and decreased by 9.4% by drought. Car was significantly increased by 17.0% across two water treatments when EDU was 450 ppm. MD decreased Car by 15.5%. However, there was no significant interaction between O 3 and water on Car (P = 0.719) (Fig. 5C) . Moreover, neither EDU nor MD significantly affected foliar nitrogen concentration (Fig. 5D) . 
Antioxidant and MDA contents
EDU and MD showed significant differences in ascorbate (AsA) and MDA as well as in TAC (Fig. 6 ). When both water treatments were considered together, AsA and MDA showed a decreased trend from E0 to E450 and then an increase at E600 (Fig. 6A&B) , and E450 significantly decreased AsA and MDA contents by 29.0% and 32.1%, respectively. Considering MD, AsA in DE450 was 33.0% higher than that in WE450 while MDA in DE600 was significantly 15.9% higher than that in WE600. TAC was increased by 8.1%, 19.0%, and 24.9%, respectively, when EDU was 300, 450, and 600 ppm. MD increased TAC by 8.8% (Fig. 6D) .
Relative growth rates and biomass parameters
Both EDU and MD had significant effects on P. cathayana (P b 0.05). EDU significantly increased RGR1 of height by 53.6% (E300), 107.1% (E450), and 60.3% (E600), and RGR2 of stem diameter by 30.8% (E300), 59.5% (E450), and 38.0% (E600) (Fig. 7) . MD had a greater reduction in RGR2 (P = 0.008) than RGR1 (P = 0.034). However, the interaction of EDU and MD was significant in RGR1 (DE450 was 15.3% lower than WE450), but not in RGR2. (Fig. 7) .
From Fig. 8 , biomass parameters were significantly influenced by both EDU and MD. EDU significantly increased the shoot dry weight per plant by 53.7%, 85.5%, and 47.4%, and root weight by 26.5%, 41.7%, Fig. 5 . Effects of EDU and water (moderate drought (MD) and well-watered (WW)) treatments on photosynthetic pigments and foliar nitrogen of P. cathayana in ambient O 3 concentration. Different letters indicate significant differences between EDU and water. Fig. 4 . Effects of EDU (450 ppm) and water (moderate drought (MD) and well-watered (WW)) treatments on the maximum Rubisco carboxylation rate (V cmax ) and electron transport rate (J max ) of P. cathayana in ambient O 3 concentration. Different letters indicate significant differences between EDU and water. and 24.3% in E300, E450, and E600, respectively, when both water treatments were considered together. However, MD significantly decreased shoot and root weight by 33.0% and 11.0%, respectively. Effects of EDU on total biomass differed significantly between the two water treatments (P = 0.041) (Fig. 8) , as indicated that E450 increased total biomass by 67.8% at WW while 51.7% at MD in comparison with corresponding E0.
Discussion
In our study, the average O 3 concentration was as high as 71.7 ppb in the northwest of Beijing with the highest hourly concentration above 173 ppb. Accordingly, the AOT40 value reached 29.2 ppm h, much higher than 5 ppm h over 6 months set as the critical O 3 levels for the protection of forest by UNECE (LRTAP Convention, 2010) . Also, it has exceeded the O 3 threshold of 12 ppm h for poplar species defined by Hu et al. (2015) . High O 3 concentration also occurred in 2014 (Yuan et al., 2015) , suggesting that Beijing has been a hotspot of O 3 pollution. And this situation cannot be changed in the short term because O 3 precursors (mainly NOx) are currently increasing in China at an annual rate of 5% .
EDU is widely used to protect plants from O 3 injury and is a useful approach to assess if ambient O 3 is high enough to induce damage to plants (Feng et al., 2010; Manning et al., 2011; Agathokleous et al., 2015) . It was shown that EDU concentration in the leaf increased over the 21-day period when the leaf was not washed after the foliar spray application, while it decreased when the leaf was washed after the application (Pasqualini et al., 2016) . Furthermore, EDU does not translocate to newly formed leaves (Weidensaul, 1980) . Therefore, the EDU with repeated foliar sprays are needed. In this experiment, the EDU was applied in total 5 times with an interval of 2 weeks. At the end of our experiment, EDU significantly increased photosynthesis, growth, and biomass, but reduced lipid peroxidation under ambient O 3 concentration, suggesting that the selected poplar species has been negatively affected by high ambient O 3 concentration in Beijing. However, EDU can be toxic at higher concentration (Agathokleous et al., 2016) . This study showed that 450 ppm EDU applied as foliar spray is better than other concentrations to protect the poplar against O 3 , which is consistent with snap bean (Yuan et al., 2015) . EDU increased A sat by sustaining higher V cmax , J max , and fluorescence parameters in the light, and chlorophyll and carotenoids contents. Higher chlorophyll content in EDU compared with non-EDU-treated plants suggests that EDU delayed foliar senescence by reducing oxidative stress. Similar results were also found in soybean and snap bean (Rai et al., 2015; Yuan et al., 2015) . By maintaining higher carotenoids concentration, chlorophyll damage due to O 3 is also avoided because carotenoids provide photoprotection and are antioxidant molecules (Demmig-Adams and Adams, 1996) . Although EDU is a nitrogen-containing compound, the foliar nitrogen content was not altered significantly in different EDU treatments (Fig.5) . Similar finding was also found in several crop and tree species studied (Paoletti et al., 2009) . In a review, Manning et al. (2011) does not support the role of nitrogen in EDU for protection against high O 3 concentrations.
In our study, EDU significantly increased RGR, shoot dry weight, root dry weight, and total biomass. A meta-analysis indicated that EDU significantly increased above-ground biomass in trees by 6.5% and crop yield by 15% in comparison with non-EDU-treated plants (Feng et al., 2010) . However, across two water treatments, biomass increases (62%) in P. cathayana are much higher than the averaged responses of tree species (6.5%) to EDU (Feng et al., 2010) . The large difference may be strongly related with high O 3 concentration at experimental site, tree age, and the selected P. cathayana which is much sensitive to O 3 . Fig. 6 . Effects of EDU and water (moderate drought (MD) and well-watered (WW)) treatments on reduced ascorbic acid (ASA), total ascorbic acid, total antioxidant capacity (TAC), and malondialdehyde (MDA) contents of P. cathayana in ambient O 3 concentration. Different letters indicate significant differences between EDU and water. Agathokleous et al. (2015) have demonstrated that sensitive cultivars are more responsive to EDU treatments from several experiments. However, the effect of EDU on the ratio of root and shoot was not significant, suggesting that EDU increased root and shoot growth at a similar rate although EDU was applied as foliar spray. Similar result was also found in a long-term ambient O 3 exposure in Italy (Carriero et al., 2015) .
The protection mechanism of EDU on plants is not totally understood (Paoletti et al., 2009; Manning et al., 2011 ). Manning et al. (2011 mentioned that O 3 penetration into the apoplast is known to induce the formation of secondary toxicant (i.e. reactive oxygen species), some of which could be scavenged by EDU. However, direct chemical scavenging has not been demonstrated so far. AsA is a key metabolite in antioxidant system that protects plants from reactive oxygen species, acting as a chemical scavenger and/or as a substrate of extracellular enzymes. In this study, EDU induced significant reduction in reduced AsA and total AsA, indicating that more AsA in EDU treatments was used to detoxify O 3 , hence less lipid peroxidation in EDU-treated plants. EDU did not affect AsA contents in ash (Fraxinus excelsior), snap bean, and tropical wheat (Triticum aestivum L.) (Paoletti et al., 2008; Singh et al., 2009; Yuan et al., 2015) .
In the hot and dry summer of Beijing, drought was a predominant factor affecting photosynthetic activity of poplars. In actual field conditions, severe drought events occur infrequently, while moderate drought is common in the world and its frequency is increasing due to global warming and limited water resources (Piao et al., 2010) . To avoid unrealistic long periods of drought, the plants were irrigated at 1-2 day intervals in the late afternoon, which induced a dryingrewatering cycle, especially in summer. From current study, moderate drought significantly reduced most parameters (A sat , g s , Tr, chlorophyll fluorescence, photosynthetic pigment contents, Vc max , and J max , relative growth rate and biomass) and increased the antioxidant contents across EDU treatments. These results are in general agreement with the recognized consequences on plants induced by drought (Pollastrini et al., 2014) . By using eddy-covariance system, Zhou et al. (2013) also found that poplar plantations were sensitive to drought by reducing carbon exchange during canopy development. Trees were more sensitive to severe drought stress than shrubs due to lower capacities of osmotic adjustment and antioxidant protection (Liu et al., 2011) . Different tree species had specific limiting processes controlling the photosynthetic capacity under drought (Zhou et al., 2015) . Also, Alexou (2013) indicated that responses of Aleppo pine (Pinus halepensis Mill.) to drought may depend significantly on developmental stage, and the duration of drought had more effects than its severity. In this study, all measurements were conducted during fast growing stages with higher stomatal conductance and photosynthesis, suggesting the fast growing stage is more sensitive to drought than other stages. Furthermore, drought can induce a deeper rooting system so that the trees could get more water supplies from deeper water pools (Eilmann and Rigling, 2012) . In our study, drought significantly reduced the biomass of root and had no effects on root/shoot, possibly due to mild drought level and a towing basin under each pot, which was used to prevent roots growing into the ground. This is the first study on the interaction between EDU and drought on plants growing under the ambient air condition. Among all variables, only chlorophyll contents, RGR1, and total biomass showed significant interaction between EDU and drought, as indicated by much larger effects of EDU at 450 ppm on WW plants than MD plants. Li et al. (2015) indicated that the well-watered plants suffered more O 3 injury than drought-treated plants because of stomata closure and anatomical changes by drought. However, current results indicated that moderate drought at any EDU treatment did not significantly induce stomatal closure in P. cathayana compared with corresponding well-watered plants, possibly because drought level was not severe. Besides g s , effects of O 3 on plants also depend on antioxidative enzymes activity and antioxidant contents (Li et al., 2016; Matyssek et al., 2007) . No significant interaction between EDU and water was found in the contents of antioxidants such as ASA, total ASA, and TAC, indicating that EDU did not enhance the detoxification under WW relative to MD. Therefore, most variables including photosynthetic parameters and biomass did not show significant interactions between EDU and water. It can be concluded that the protection of EDU against O 3 was not affected by moderate drought. Similar results with no significant interaction between O 3 and drought were also found in tree species such as Betula pendula, Picea abies (Pearson and Mansfield, 1994; Karlsson et al., 2002) , but O 3 damage enhanced by less severe drought was also observed compared to that of well-watered plants (Pääkkönen et al., 1998) . Actually, the interaction of O 3 and drought is very complex and determined by many aspects, such as species, the sequence, degree, and duration of both factors.
In conclusion, EDU was shown to protect the O 3 -sensitive poplar (Populus cathayana) from the ambient O 3 in the field near Beijing, China. This protection was effective for well-watered plants and those experiencing moderate drought. Photosynthetic performance was improved as well as higher antioxidant capacity, resulting in increased biomass. Populus cathayana could be a very useful bio-indicator for phytotoxic concentrations of O 3 under ambient conditions when the performance of EDU-treated and non-EDU-treated plants are compared.
